ABSTRACT
INTRODUCTION
Essential cellular activities such as transport, sensing, signal transduction, growth, adhesion and pathogenesis require proteins localized on the cell surface. One of the strategies to anchor a protein at the lipid membrane is covalent modification of proteins by fatty acids or other lipids. All bacteria rely on acylation of N-terminal Cys residues of lipoproteins to allow tight anchorage on the membrane surface (1) . This uniquely bacterial modification was first observed in 1969 in a major outer membrane protein of Escherichia coli called Braun's lipoprotein and later detected in every bacterial organism studied (2) . Adhesion proteins and substrate binding subunits of ATP-binding cassette (ABC) transporters are known to be attached to the membrane in this manner. Thousands of proteins predicted to be lipoproteins "by similarity" according to the presence consensus sequences of Sec Type II or Tat Type II signal peptides are also thought to be acylated (3) .
Bacteria of the Mollicutes class are widespread in nature and are characterized by the lack of rigid cell wall and drastically reduced genome sizes. In fact, representatives of this class are the simplest self-replicating organisms able to independently subsist, generate energy, and adapt to changing environments (4 and references therein). Most Mollicutes depend on cholesterol and are partially or totally incapable of fatty acid synthesis and therefore depend on the host or the culture medium for constant supply of these substances (5) . Acholeplasma laidlawii is a convenient model Mollicute due to its relatively simply nutritional requirements and fast growth rate. A. laidlawii can synthesize limited amounts of saturated fatty acids when grown in a thoroughly lipiddepleted medium (6) . Due to the absence of the periplasmic space, Mollicutes need an unusually large number of surface-exposed lipoproteins. The genome of A. laidlawii was recently determined in our laboratory (NCBI Project ID: 19259). Among 325 predicted A. laidlawii membrane proteins 62 have predicted Sec Type II signal peptides and can therefore be N-terminally acylated with long-chain fatty acids to anchor on the cell surface.
A conserved motif in Type II signal peptides directs future lipoproteins export through Sec or Tat pathway to the membrane and then to the lipoprotein biogenesis machinery (3, 7) . In Gramnegative bacteria, N-terminal acylation proceeds in three steps (schematically represented in Fig. 1 ): (i) prolipoprotein diacylglyceryl transferase (Lgt) uses membrane phospholipid substrates and catalyses the transfer of a diacylglyceryl moiety onto strictly conserved cysteine via a thioether linkage; (ii) the signal peptide is then cleaved by lipoprotein signal Type II peptidase (Lsp in E. coli), leaving the lipidmodified Cys at the newly formed Nterminus of mature lipoprotein; (iii) lipoprotein N-acyltransferase (Lnt) adds a third fatty acid residue to the backbone amino group of lipidated cysteine. The last step is important for lipoprotein transport to Gram-negative bacteria outer membrane of via the lipoprotein localization 1 pathway (8) . Depletion of Lnt results in accumulation of lipoproteins in the plasma membrane, which may be lethal to the cell.
The first two steps of lipoprotein biogenesis are universally conserved in eubacteria as judged by the presence of genes whose products are homologous to diacylglyceryl transferase and signal Type II peptidase (3, 7) . During A. laidlawii genome annotation lgt and lsp were readily detected by sequence homology. However, A. laidlawii as well as Mollicutes and Grampositive bacteria lack recognizable lnt gene homologs (9) . A question therefore arises if the third step of protein acylation occurs in these organisms.
There are conflicting data concerning N-acylation in Mollicutes. In a number of studies major lipoproteins such as variable lipoproteins VlpA and VlpC from Mycoplasma hyorhinis, LP44 of M. salivarium as well as macrophage-activating lipoproteins (MALLP) from M. fermentans and M. gallisepticum were shown to lack this modification, consistent with the lack of lnt homologues in their genomes (10, 11) . On the other hand, the surface lipoprotein MG149 of M. genitalium (12) and spiralin of Spiroplasma melliferum were found to be Nacylated (13) .
A (19) . Gels were dried and exposed to a storage phosphor screen for 2 weeks. Images were acquired on a Typhoon scanner (Amersham Biosciences). Proteins were identified by in-gel trypsin digestion and MS analysis (20) .
Lipoprotein extraction with Triton X114 detergent--Cell pellets (10 µl) were resuspended in 500 uL of 0.1% Triton X-114, 150 mM NaCl and 50 mM Tris-HCl, pH 8.0 and incubated for 1 hour at 4 o C. After 15-min centrifugation at 16 000 g (4 o C), the supernatants were transferred into a new tube and incubated at 37 o C for 15 min at which point the clear solution became cloudy due to micellae formation. Phase separation was performed by centrifugation at 16 000 g at room temperature. The upper aqueous phase was discarded and proteins from the lower organic phase were precipaitated by the addition of 4 volumes of acetonitrile.
Electroblotting, in situ tryptic digest, and peptide extraction from NC membranes--After 2D or 1D PAGE separation, lipoproteins were transferred onto Hybond-C Extra membrane (Amersham Biosciences) via standard electroblotting procedure and stained with Ponceau S (Fluka). The top layer of the membrane containing stained protein spots was scrapped off and crumbs of nitrocellulose (2-4 µL) were rinsed twice with 50 µL of 50 mM NH 4 HCO 3 (pH 7.5) in 10% acetonitrile. Proteins were digested overnight with trypsin (Promega), 5 µL of 20 mg/mL solution in 50 mM NH 4 HCO 3 ) at 37°C. Peptides were extracted stepwise at room temperature with 20 µL of aqueous 0.5% trifluoroacetic acid for 30 min; 0.5% trifluoroacetic acid in 10% acetonitrile for 10 min, and 0.5% trifluoroacetic acid in 20% acetonitrile for 10 min. Finally, 10-min extraction with 10 µL chloroform/methanol/20% formic acid 1/3/1 (v/v/v) or chloroform/acetonitrile/0.5% trifluoroacetic acid 1/3/1 (v/v/v) was performed. Protein identification--was carried out by peptide fingerprint search with the use of Mascot software (Matrix Science Inc.) through NCBI A. laidlawii protein database. One missed cleavage; Met oxidation, and Cys-propionamide were permitted. Protein scores greater than 44 were considered to be significant (p<0.05). Interpretation of MS/MS spectra and assignments of acylpeptides was performed with the Biotools v.3 software (Bruker Daltonics) admitting a variety of attached long chain fatty acids (palmitate, stearate, etc.). To estimate the ratio of protein modification with a particular fatty acid, averaged values of normalized MS intensities P i were used. For example, the extent of palmitoylation (P Pal ) was calculated using the following formula: P Pal = P 3P ×100% + (P 2P1M + P 3P+14 + P 1P2S )×66.6% + (P 2P1M+14 + P 2P1S+14 + P 1P2S )×33.3%. The extent of modification with other fatty acids was calculated in a similar way.
MALDI-MS analysis-Sample
Fatty acid analysis--Fatty acid analysis of A. laidlawii lipid membranes was performed after methyl esterification by gas chromatography according to Russian state standard specification R 51483-99. Fig. 1 ). Radioactively labeled proteins were revealed using a Phosporimager. Most efficient radioactive labeling was observed when cells were grown in the presence of 14 C palmitic acid, revealing a total of 17 major labeled spots ( Fig. 2A) . Much less efficient labeling was observed when proteins from cells grown on stearic acid-containing medium were subjected to 2D PAGE analysis; however the pattern of labeled proteins was the same (data not shown). No detectable labeling with oleic and linoleic acids was observed (not shown).
RESULTS

Identification of
We performed mass-spectrometric identification of 209 A. laidlawii proteins from silver-stained gels subjected to autoradiography (shown in Supplementary  Fig. 1A ) by tryptic peptide fingerprinting. The results are presented in Supplementary  Table 1 . A total of 19 proteins from 17 radioactively labeled on-gel spots were identified ( Fig. 2A, Table 1 ). 17 of identified proteins possess Sec-SPII signal peptides and are predicted to be extracellular lipoproteins. Two proteins, EF-G and dihydrolipoamide acetyltransferase, lack signal peptides and are generally known to be cytoplasmic. Their presence in the C 14 palmitate labeled protein set is likely due to imperfect separation of proteins on 2D-gels. These proteins were therefore excluded from further analysis. None of the 192 proteins identified in non-radioactively labeled spots contained predicted Sec-(SpII) signal.
All 17 14 C palmitate-labeled A. laidlawii proteins were identified unambiguously (see representative html Mascot files in the supplementary information section) and were found to be related to substrate-binding subunits of ABC transporters of carbohydrates, amino acids and inorganic ions or are annotated as hypothetical surface anchored proteins of unknown function (Table 1 ). These same proteins were identified in the case of stearic acid labeling (data not shown).
We have next performed protein extraction from A. laidlawii cells with Triton X114, a detergent, which selectively transfers some membrane proteins to the micelle detergent phase. Extracted lipoproteins were resolved by standard 1D-or 2D-PAGE (Fig. 2B) . Major membrane proteins from 1D and 2D gels matched each other, indicating that most A. laidlawii lipoproteins are resolved by 2D-PAGE at our conditions. A total of 28 protein spots were observed on a Coomassie stained 2D-gel. A. laidlawii proteins present in 2D gel spots were identified by MALDI-MS and are presented in Supplementary Table 2 . Protein spots that matched radioactively labeled spots in Fig. 2A are indicated in the gel presented in Fig. 2B by corresponding numbers. Three radioactively labeled proteins (spots 1, 6, and 11) were absent from the Triton X114 extracts, probably due to their low abundance. Coomassie-stained proteins from Triton X114 extract that did not have a radioactively labeled counterpart did not contain a Sec-SPII signal (see Supplementary Table 2 ). Most of them are major A. laidlawii proteins that should be regarded as contaminants.
MS visualization of acyl-peptides from
A. laidlawii lipoproteins--To determine the acylation state of eight major A. laidlawii lipoproteins extracted with Triton X114, peptide fingerprints after in-gel tryptic digests were examined. While numerous internal tryptic peptides were readily observed on MALDI mass-spectra for each protein studied, we were unable to detect the presence of N-terminal peptides for any of the proteins despite the numerous attempts. The possible reasons for our failure to detect the expected acylated N-terminal peptides may include (but are not limited to) (i) low intensity of corresponding MS signals due to interference from other peptides, and (ii) poor extraction of peptides bearing linked long chain fatty acids from polyacrylamide gels. To observe and analyze acylated peptides directly, we developed a new method that included transblotting of proteins separated by 2D PAGE to nitrocellulose membranes. After transfer to the membrane, proteins were stained and most abundant protein spots were treated with trypsin. We expected that peptides modified with lipids, if present in a peptide spot, would be better retained on the membrane due to their hydrophobicity. Accordingly, trypsin-treated membrane samples were gently washed as described in the Experimental Procedures to remove unmodified peptides. MALDI-MS analysis of peptides present in the washes confirmed that only unmodified internal peptides of A. laidlawii lipoproteins were present in the sample (data not shown). The final extraction of the membrane was performed by a chloroform-methanol-formic acid-water solution and extracted material was subjected to MALDI-MS analysis. As can be seen (Fig. 3) , the material eluted at this step contained, for each lipoprotein spot tested, a series of peaks, which were absent from the wash samples. Each peak in the series could be interpreted as a defined triacylated N-terminal tryptic peptide derived from a corresponding A. laidlawii lipoprotein. No peaks corresponding to diacylated N-terminal tryptic peptides were observed. We therefore conclude, that the new procedure indeed allows efficient direct visualization of lipoproteins acylation state. We further conclude that despite the absence of recognizable the N-acyltrasferase homolog in A. laidlawii, the third step of protein acylation is carried out to completion.
Detailed analysis of acylation of A. laidlawii
lipoproteins--For each lipopeptide series a total of seven mass-peaks were observed. Two major peaks were shifted by 788 and 816 mass units from calculated values of unmodified peptides. These peaks were interpreted, respectively, as triply palmitoylated (3P, +788) and dually palmitoylated/monostearoylated (2P1S, +816) versions of N-terminal lipoprotein peptides. Two minor peaks in each series were shifted by +760 and +844 mass units and correspond to double palmitoyl/monomyristoyl (2P1M, +760) and double stearoyl/monopalmitoyl (1P2S, +844) modifications. The four peaks described above can be arranged in an ascending series with each peak differing from another by 28 mass units corresponding to the presence of two CH 2 groups. Curiously, in addition to these peaks, three peaks shifted by 14 mass units (a single CH 2 group) were present. The appearance of these peaks cannot be explained in terms of the usual evennumbered saturated fatty acid modifications and may be due to infrequent modification with monomethyl-branched saturated fatty acids.
The lipopeptide mass-spectra profiles for each of the eight major A. laidlawii lipoproteins analyzed appeared to be highly reproducible since the ratios of individual peaks in each series were found to be constant for samples prepared from independently grown cell cultures ( Table 2 ).
The precision of these measurements was within 5% for major 3P and 2P1S peak signals and 2% for minor peaks. We assume that for each peak in the series, the peak intensity ratio approximately reflects the quantitative ratio of differently acylated peptides and therefore reports on the overall acylation state of a lipoprotein. While this assumption is difficult to prove experimentally, published data on influenza type A virus hemagglutinin seem to support this notion (21) . Since the ratio of lipopeptide peaks for different A. laidlawii proteins was the same within the experimental error, we calculated an average frequency of modifications with different fatty acids for eight lipoproteins studied. By the far, the most frequent modification is by palmitic acid: it accounts for ~74% of the total fatty acid modifications detected. The frequencies of stearic and myristic acid modifications are 16% and 3%, correspondingly. The remaining 7% of lipid modifications are due to potential oddnumber fatty acids modifications (6%) and modifications with unsaturated fatty acids (<1% of total modifications; revealed as low-intensity signals neighboring major peaks in Fig. 3 ). For major fatty acid modifications, these estimates are in good agreement with observed intensities of 14 C fatty acids protein labeling experiment (Fig.  2) .
Comparison of fatty acid composition of A. laidlawii lipoproteins and membranes--The
pronounced bias in frequencies of modification with individual fatty acids is at odds with published data, which suggest that the frequencies of various long fatty chains in this organism (myristic, palmitic and stearic) are more balanced (22) . To investigate whether the assortment of protein-attached fatty acids reflects the composition of A. laidlawii lipid membrane, standard analysis of A. laidlawii membrane fatty acids was performed (Fig. 4) . The results indicated that stearate was the most abundant A. laidlawii membrane fatty acid (~27%), followed by palmitate (25%), and oleic and linoleic acids (17 and 10%, respectively). Myristate was present in small (2-3%) amounts. Comparison of fatty acid frequencies in A. laidlawii lipoproteins and membranes thus reveals that the acylation machinery has a clear preference for palmitate and, possibly, myristate. Conversely, stearate and unsaturated fatty acids do not appear to be preferred acylation substrates.
The fatty acid composition of A. laidlawii lipoproteins is not temperature-dependent--
To regulate the lipid composition of its membrane and maintain a proper balance between various lipids A. laidlawii uses altering of the polar head group structure of phospho-and glycolipids (e.g. the proportion of mono-/diglucosyldiacylglycerols and monoacyldi-/monoglucosyldiacylglycerols). In this way, the lipid composition of the membrane is changed as a function of growth temperature (Ref. [22] [23] [24] [25] . We were interested to determine, whether these changes lead to changes in protein acylation. Accordingly, we determined whether the composition of protein-associated fatty acids depends on growth temperature, A. laidlawii cultures were grown at 37, 30, or 42 o C for an identical amount of time. Since A. laidlawii growth rate is highly temperaturedependent, considerably less biomass was collected from 30 and 42 o C cultures, which affected the quality of resulting mass-spectra (Fig. 5) . Nevertheless, comparisons of Fig. 5 spectra with Fig. 2 data (obtained with material prepared from cultures grown at 37 o C) revealed that peak intensities of differently acylated peptides were the same at all three temperatures. This lack of differences in protein acylation was in stark contrast with the experimentally observed changes in lipid composition of membranes of A. laidlawii grown at different temperatures (Fig. 5B) , which was in agreement with published data (22) (23) (24) (25) . Thus, the composition of A. laidlawii protein-associated fatty acids does not depend on either growth temperature or membrane composition.
Specificity of acylation at various stages of lipoprotein genesis--Since there exists a strong preference for incorporation of palmitate in A. laidlawii lipoproteins, we were interested to know, at which step of the acylation process the less common stearate is incorporated. To address this question, we compared MS-MS spectra of triply palmitoylated (3P) and doubly palmitoylated/monostearoylated (2P1S) forms for N-terminal peptides from two lipoproteins, GI:162448066 and GI:162448245, Fig. 6 ). For each lipopeptide variant, series of C-terminal y-and z-type daughter ions, which confirmed the amino acid structure of the peptide moieties (CTPK for GI:162448066 and CIGGER for GI:162448245), were observed. Most interestingly in each MS-MS spectrum, signals corresponding to a 256 mass units loss from the parent ion were detected (marked by asterisks in Fig. 6 ). The only possibility to get such a mass difference is the elimination of the entire palmitic acid (CH 3 (CH 2 ) 14 COOH) from the Sdiacylglycerol moiety. Elimination of the CH 3 (CH 2 ) 16 COOH stearic acid should have produced a shift of 284 mass units. However, the corresponding ions were not observed, suggesting that in 2P1S-modified lipopeptides stearate is not found on Sdiacylglycerol. In other words, palmitates are predominantly O-linked in 2P1S forms. It therefore follows that stearate residues are mainly amide-linked in these forms, reflecting stage specificity of the acylation process.
DISCUSSION
In this work we report the development of a robust MS-based method that allows direct determination of acylation status of bacterial lipoproteins. Using this method we show that every studied lipoprotein of mollicute A. laidlawii is triacylated. By extension, we hypothesize that lipoproteins in other Mollicutes are also triacylated. The existence of A. laidlawii lipoproteins in triacylated form is unexpected, since a gene encoding recognizable homologs of N-acyl transferases responsible for incorporation of the third fatty acid in lipoproteins from Gram-negative bacteria is absent from the A. laidlawii genome. Identification of triacylation as the major, perhaps the only, state of A. laidlawii lipoproteins is in contrast with published data, which suggest the predominant involvement of O-ester linked fatty acids but not amide linked fatty acids in protein acylation in A. laidlawii (14, 26) . In latter work, the authors showed that globomycin, a cyclic lipopeptide specifically inhibiting signal peptidase II, had not dramatic effect on the extent of acylation of A. laidlawii lipoproteins, suggesting the preferential absence of amide-linked acyl chains. The reasons for discrepancy with previous data are unknown but may be related to the fact, that both Le Hénaff et al. (14) and Nyström et al. (26) analyzed fatty acids that were released from lipoproteins by various chemical treatments. The failure to detach even trace amounts of noncovalently-associated lipids from their lipoprotein preparations or imperfection of releasing reactions could have heavily influenced the outcome of their measurements.
In our work, we visualize acyl chains attached to N-terminal peptides directly thus avoiding the issue of contaminating lipids. The only possible source of biases in our method is related to acylpeptides solubility and extraction efficiency. However, the procedure that we developed for lipopeptide extraction from nitrocellulose membranes (mild washes followed by elution at harsh conditions) and thorough control of the wash and elution stages by mass-spectrometry makes this possibility unlikely. In addition, the results of 2DE separation of radioactively labeled A. laidlawii lipoproteins reveal that most lipoproteins form predominantly single spots ( Fig. 2A) , indicating the existence of one major modification, which according to MS analysis is triacylation. The enzyme that is responsible for A. laidlawii lipoprotein acylation remains to be identified.
Our method enables us not just to detect lipoprotein N-peptide acylation but also to determine the amounts of different fatty acids linked to a peptide. The ratios of various long chain fatty acids were found to be similar for all A. laidlawii lipoproteins studied. At the same time, these ratios were dramatically different from the fatty acid composition of lipid membranes. Specifically, a strong preference for incorporation of palmitate in lipoproteins was revealed. Changes in membrane composition that resulted from growth temperature change had no effect on the ratios of fatty acid incorporation in lipoproteins. Hence the fatty acids attached to lipoproteins of A. laidlawii are not correlated with lipid composition of its membrane.
MS-MS analysis of A. laidlawii lipoprotein N-terminal peptides revealed that palmitate is exclusively attached via Sglycerol. It therefore follows that selection of N-linked fatty acids is less stringent. Together, these observations point towards specificity of the protein acylation process. 
